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(57) ABSTRACT

An apparatus and methods of refining glass, 1n a multi-stage,
downwardly cascading manner, include a melting chamber
housing molten glass and having an outlet, a first refiming
chamber downstream from the melting chamber and having
a {irst outlet and a first 1inlet below the outlet of the melting
chamber, and a second refining chamber downstream from
the first refining chamber and having a second outlet and a
second 1inlet below the first outlet of the first refining
chamber. The first refining chamber has a first negative
pressure and the second refining chamber has a second
negative pressure.

13 Claims, 2 Drawing Sheets
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REFINING GLASS WITH REDUCED
PRESSURE

This patent application discloses an apparatus and meth-
ods to refine molten glass. More particularly, this apparatus
utilizes a series of reduced pressures to remove gases from
a molten glass mixture.

BACKGROUND

Silica-based glass, such as soda-lime-silica glass, 1s
prevalent 1n the manufacture of glass containers and other
articles. Molten glass used to make such articles 1s conven-
tionally prepared by melting various glass-forming materials
in a furnace or tank at elevated temperature. The resulting
molten glass typically contains gaseous inclusions, e.g.,
“blisters,” “bubbles,” or “seeds,” which desirably are
removed prior to forming the molten glass into the desired
shape. The process of removing gaseous inclusions from
molten glass 1s referred to as “refining,” and conventionally
involves continued heating of the molten glass at high
temperatures and for long periods of time, which allows the
gaseous 1nclusions to gradually rise to the surface of the
molten glass and escape. This process can be undesirably
slow and requires high-energy input to maintain the molten
glass at a suitably high temperature.

BRIEF SUMMARY OF THE DISCLOSURE

The present disclosure embodies a number of aspects that
can be implemented separately from or 1n combination with
one another.

In accordance with one aspect of the disclosure, there 1s
provided a method of refining glass 1n a multi-stage, down-
wardly cascading manner. The method includes, first, pro-
ducing molten glass, or melting raw materials, 1n a melting
chamber having an outlet (e.g. a material outlet). Second, the
method includes passing the molten glass downstream from
the melting chamber 1nto a first refining chamber. The first
refining chamber has a first outlet and a first inlet below the
outlet of the melting chamber. The first refining chamber has
a first negative pressure 1n the range of 1 to 760 Torr,
including all ranges, subranges, and values therebetween.
More specifically, the first negative pressure could be 1n the
range of 400 to 700 Torr.

Third, the method includes passing the molten glass
downstream from the first refining chamber ito a second
refining chamber having a second outlet and a second 1nlet
below the first outlet of the first refining chamber. The
second refining chamber has a second negative pressure 1n
the range of 1 to 700 Torr, and being lower than the negative
pressure in the first refining chamber.

After the molten glass passes from the second refining
chamber, the method may include passing the molten glass
to a third refining chamber having a third outlet and a third
inlet below the second outlet of the second refining chamber.
The third refining chamber has a third negative pressure 1n
the range of 1 to 600 Torr, and being lower than the second
negative pressure. Such pressure decreases can assist in
evolving gaseous inclusions from the molten glass quickly,
and reducing gaseous inclusions in the final molten glass
product to exit the process. The melting chamber, the first
refining chamber, the second refining chamber, and the
optional third refining chamber define a flow path for
quickly refining the molten glass.

In accordance with another aspect of the disclosure, there
1s provided an apparatus for refimng glass i this multi-
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stage, downwardly cascading manner, as discussed above.
The apparatus has a melting chamber and at least two
refining chambers. The melting chamber houses molten
glass and has an outlet to move the molten glass to the
refining stage.

The first refining chamber 1s located downstream from the
melting chamber and has a first outlet and a first inlet below
the outlet of the melting chamber. A vacuum source main-
tains the first refining chamber at a first negative pressure in
the range of 1 to 760 Torr. Downstream of the first refiming
chamber 1s the second refining chamber. The second refining
chamber has a second outlet and a second inlet below the
first outlet of the first refining chamber. Similarly to the first
refining chamber, a vacuum source maintains the second
refining chamber at a second negative pressure in the range
of 1 to 700 Torr.

The apparatus may include a third refining chamber
downstream from the second refining chamber. The third
refining chamber has a third outlet and a third inlet below the
second outlet of the second refining chamber. Similarly to
the upstream refining chambers, the third refining chamber
has a third negative pressure in the range of 1 to 600 Torr.
Through this downwardly cascading system, the various
stages and/or chambers of the apparatus assist in evolving
gaseous inclusions to increase the speed at which the appa-
ratus produces a refined glass melt.

BRIEF DESCRIPTION OF THE DRAWINGS

The disclosure, together with additional objects, features,
advantages and aspects thereot, will be best understood from
the following description, the appended claims, and the
accompanying drawings, in which:

FIG. 1 depicts an overall view of the method and appa-
ratus of melting chamber 1n accordance with an illustrative
embodiment of the present disclosure;

FIG. 2A depicts a top view of a declined refractory chute
or plane as used 1n the apparatus and method of melting of
FIG. 1, 1n accordance with an illustrative embodiment of the
present disclosure;

FIG. 2B depicts a side view of the declined refractory
chute of FIG. 2A, 1n accordance with an illustrative embodi-
ment of the present disclosure; and

FIG. 3 depicts a cross-sectional view of a {first refining
chamber as used in the apparatus and method of melting of
FIG. 1, 1n accordance with an 1llustrative embodiment of the
present disclosure.

DETAILED DESCRIPTION

A general object of the present disclosure, 1n accordance
with one aspect thereof, 1s to provide a melting system that
has cascading chambers, 1n which the pressure 1s reduced at
cach subsequent or downstream chamber to reduce and/or
substantially eliminate gaseous inclusions and bubbles 1n the
final molten glass prior to forming the molten glass into the
desired product shape. In order to do this, the method and
apparatus may stimulate gas bubble evolution during refin-
ing so that the final molten glass contains fewer trapped gas
bubbles and has a more uniform mixture.

For purposes of this disclosure, “about” or “substantially”
mean that a given quantity 1s no more than 10%, preferably
no more than 5%, more preferably no more than 1%, of a
comparison or stated value (e.g. volumetric value in a
molten or solidified state). For example, “substantially
climinating” gaseous inclusions means to reduce the volume
of any remaining gaseous inclusions such that the volume of
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the total molten glass product with any remaining gaseous
inclusions 1s no more than 10%, preferably no more than
5%, more preferably no more than 1% greater than the
volume of the molten glass alone 1n the final product. This
could be measured either 1n the molten state or after solidi-
fication of the glass into the desired product.

FIG. 1 depicts an overall view of an apparatus 350 for
melting raw materials mto glass according to one aspect of
the present disclosure. Along with the apparatus 350, FIG. 1
also depicts a method 352 of refining glass in a multi-stage,
downwardly cascading manner. The apparatus 50 has four
chambers (1, 5, 10, and 14) used 1n respective steps or stages
of glass melting and/or refining. It will be understood that
some ol these chambers could be optional and additional
chambers could be added, each having any or all of the
teatures of the chambers discussed herein.

At a top or upper position, raw materials 38 are added to
a melting chamber 1 or melter and melting commences. The
heat generated 1n the melting chamber 1 can be generated by
any known method, including fuel mjection (discussed
herein), electric heaters, burning natural gas, or other meth-
ods of generating thermal energy. Upon melting, the melting
chamber 1 houses molten glass 3 and has an outlet or a
molten material outlet 5A. The melting chamber 1 has or
forms a longitudinal axis LA, which may be generally
vertical 1n orientation as the molten glass 3 proceeds through
the apparatus 50.

After melting begins and molten glass 3 1s produced 1n the
melting chamber 1, the molten glass 3 proceeds down a
cascading flow path (as depicted with arrows 18). Gravity
drives the molten glass 3 along the flow path; however, a
plurality of plungers can also assist in driving the molten
glass 3 along the path. For example, the molten glass 3 may
enter a refractory or collecting funnel 2, situated along the
flow path. A plunger 4A 1s housed at one end of the
collecting funnel 2 and regulates how the molten glass 3
proceeds through the flow path. The plunger 4A may be
mechanical or electrical driven, pneumatic or hydraulic to
control the pull of the molten glass 3. It will be understood
that any funnels (e.g. collecting funnel 2), pipes, and/or
plungers (e.g. plungers 4A, B, C, and D) are optional
clements of the apparatus 50, and, while they may provide
increased control over the flow path, they may be omitted as
desired.

Upon exiting the collecting funnel 2, the molten glass 3
proceeds or 1s passed into the first refining chamber 5,
downstream from the melting chamber 1. The first refining
chamber 3 has a first outlet or a first refiner outlet 5B and a
first inlet or a first refiner inlet 6 A below the molten material
outlet 5A of the melting chamber 1. Upon entering the first
refining chamber 5, the molten glass 3 contacts a declined
refractory chute or plane 6. One of ordinary skill 1n this art
will understand that the refractory chute 6 may be consid-
ered “declined” or “inclined” depending on the perspective
within the apparatus (e.g. being upstream or downstream
from the refractory chute 6). For example, upon leaving the
melting chamber 1, the refractory chute 6 1s declined along
or forming a central axis CA. The declined refractory chute
6 extends 1into the first refining chamber 5 and along the tflow
path.

The central axis CA of the declined refractory chute 6
forms an angle A with the longitudinal axis LA (vertical
direction) of the melting chamber 1. This angle preferably 1s
between 0 degrees to 10 degrees, and facilitates a smooth
transition of the molten glass 3 along the tflow path from the
melting chamber 1 to the first refimng chamber 5. In some
aspects, the angle can be 0 degrees to 20 degrees, including
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ranges, subranges, and values therebetween. This angled
geometry may reduce air and combustion gases becoming
trapped and forming gas bubbles 1n the molten glass as 1t
proceeds from the melting chamber 1 to the first refining
chamber 5. Further details regarding the declined refractory
chute 6 will be discussed below with respect to FIGS. 2A-B.

Once 1n the first refining chamber 5, the molten glass 3
forms glass pool 23A. The first refining chamber 5 has or 1s
maintained at a first negative pressure (shown as 7 in the
figure) of 1 Torr to 760 Torr, including all ranges, subranges,
and values therebetween. Specifically, this pressure could be
between 400 to 700 Torr, including all ranges, subranges,
and values therebetween. The first refining chamber 5
includes a vacuum port 8, which may house or 1s connected
to a first vacuum source to produce the first negative
pressure shown as 7 in the figure. The pressure lowers in
cach subsequent or downwardly cascading chamber to
reduce gaseous inclusions 1n each subsequent glass pool. By
using the sequential reduction i1n negative pressure, the
refining chambers may operate at lower temperatures than
traditional refiners. At each reduction 1n pressure in subse-
quent chambers, the volume of the trapped gases expands,
allowing the bubbles to rise to the surface of the molten glass
and escape, as explained 1n the ideal gas law:

PV=nRT

The molten glass exits the first refining chamber 5 at the
first refiner outlet 5B, and enters or 1s passed into an optional
refractory pipe 9. As with the declined refractory chute 6,
any refractory pipes (e.g. refractory pipe 9) may be set at an
angle of 0 to 20 degrees with the vertical axis, including all
ranges, subranges, and values therebetween, to further
reduce trapping ol gases between chambers. For example,
the angle may be greater than O.

From the refractory pipe 9, the molten glass enters or 1s
passed into the second refining chamber 10. Because each
subsequent chamber 1s downstream of 1ts adjacent chamber,
gravity will primarily move or drive the molten glass along
the flow path. Additionally or alternatively, as with the
melting chamber 1, a respective plunger 4B may control the
rate of flow of the molten glass between the first and second
refining chambers (5, 10).

The second refining chamber 10, downstream from the
first refining chamber 3, has a second refiner outlet 5C and
a second refiner 1inlet 6B below the first refiner outlet 5B of
the first refining chamber 5. The second refining chamber 10
houses a molten glass pool 23B and also contains a respec-
tive vacuum port 12, which can house or be connected to a
second vacuum source (similar to the first refining chamber
5). The second vacuum source generates a second negative
pressure 11 of 1 Torr to 700 Torr, including all ranges,
subranges, and values therebetween. Specifically, this pres-
sure could be between 200 to 600 Torr, including all ranges,
subranges, and values therebetween. One of ordinary skall 1n
the art will appreciate that the same vacuum source, with
suitable downstream valving and the like, or different
vacuum sources could be used to generate each respective
negative pressure in each chamber. Molten glass from the
molten glass pool 23B exits the second refining chamber 10
and the second refiner outlet 5C, and may enter a refractory
pipe 13.

Upon exiting the second refining chamber 10, the molten
glass enters or 1s passed into an optional third refining
chamber 14. As discussed above, gravity and/or a respective
plunger 4C may control the rate of flow of the molten glass
between the second and third refining chambers (10, 14).
The third refining chamber 14 1s downstream of the second
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refining chamber 10, and has a third refiner outlet 5D and a
third refiner 1nlet 6C below the second refiner outlet 5C of
the second refining chamber 10. The third refusing chamber
has a vacuum port 16, which houses or 1s connected to a
third vacuum source that sets a third negative pressure 15 of
1 Torr to 600 Torr, including all ranges, subranges, and
values therebetween. Specifically, this pressure could be
between 100 to 500 Torr, including all ranges, subranges,
and values therebetween. This vacuum source controls the
pressure of the chamber atmosphere that contains molten
glass pool 23C. With each reduction in pressure at each
chamber, the molten glass contains fewer and fewer gaseous
bubbles as the proceeding steps have evolved gases.

Regardless of the angle between the vertical axis and any
refractory pipes connecting the chambers, the second refin-
ing chamber 10 1s horizontally offset and vertically spaced
from the first refining chamber 5. In one aspect, each
subsequent chamber 1s not directly below the chamber
immediately upstream thereof such that the molten material
outlet SA, the first refiner outlet 5B, the second refiner outlet
5C, and the third refiner outlet SD are not arranged hori-
zontally in-line with each other. Accordingly, the molten
glass pool 1n each downwardly cascading chamber mixing
thoroughly before 1t reaches the outlet to the next chamber.
Of course, the outlets (5A, 5B, 5C, and 5D) and/or inlets
(6A, 6B, 6C, and 6D) could be arranged horizontally in-line
with each other.

Upon exiting the third refining chamber 14 via or by way
of the third refiner outlet 5D, the molten glass may enter a
refractory pipe 17, downstream of the third refining chamber
14. Gravity and/or a respective plunger 4D can control the
molten glass flow rate upon exiting the third refining cham-
ber 14.

The molten glass may then enter or pass into a condition-
ing zone 54, having a zone inlet 56 below the third refiner
outlet 51) of the third refining chamber 14. In the condi-
tioming zone 54, the molten glass further undergoes process-
ing, refining, cooling and/or conditioning to prepare the
molten glass for 1ts use 1n forming glass containers and other
various glass products.

The molten glass spends a time or duration i each
chamber. For example, the steps of passing the molten glass
downstream into each chamber may include the molten glass
remaining 1n each chamber and/or the conditioning zone (1,
5,10, 14, and 54) for a time of about 20 minutes to about 60
minutes, including all ranges, subranges, and values ther-
cbetween. The time spent 1n each chamber 1s suflicient to
evolve gaseous 1nclusions and move the molten glass to the
next stage.

The melting apparatus and method described herein may
be used in submerged combustion melting (SCM). SCM 1s
a type of melting used 1n glass manufacturing. In submerged
combustion melting (SCM), an air-fuel or oxygen-fuel mix-
ture 1s 1njected directly into a pool of raw materials within
a melting chamber. Burners are arranged at the bottom and
sides of the chamber beneath the top surface of the materials.
The burners stimulate rapid melting of the raw materials by
combustion of the fuel within the pool of raw materials. The
combustion gases bubble through the raw materials, creating
turbulent mixing of the raw matenals at a high-heat transier
rate, melting the raw materials into a molten glass and also
mixing the molten glass to create a homogeneous glass.
Once the molten glass achieves a uniform composition, it
can then drained from the chamber to be further processed
and/or used to form desired products.

The SCM technique yields intense combustion and direct-
contact heat transfer as combustion gases bubble through the
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raw materials and the molten glass, and a high rate of heat
transter, giving high thermal efliciency. Due to these advan-
tages, SCM uses less energy to melt the raw materials and
can utilize a smaller melter and/or furnace as compared to
other melting methods. Likewise, the molten material
spends less time 1n the melter and the materials are rapidly
mixed. SCM systems can be simple and inexpensive
because the SCM chamber 1s tolerant of a wide range of raw
material batch and cullet size, can accept multiple types of
raw material feeds, and does not require pertect feed blend-
ing prior to addition to the chamber.

The SCM melting method can sufler from excessive gas
bubbhng,, which can cause difliculties 1n glass manufactur-
ing. Due to the combustion gases, the molten glass can have
high amounts of trapped gases that are slow to escape using
traditional refining techniques, and which are desirable to be
removed prior to forming the glass into the desired product
shape. The technique and equipment discussed herein may
be used to refine molten glass that has been produced by
SCM melting or any other melting method. By using a series
of refining chambers with progressively lower negative
pressure as disclosed herein, a very low ultimate negative
pressure may be achieved, which quickly removes entrained
gas bubbles from the molten glass. The low negative pres-
sure that 1s used 1n the disclosed progressive chamber
system 1s not achievable when in a single stage refining
chamber because use of a very low negative pressure causes
intense foaming of the glass.

FIGS. 2A-B depict more details of the refractory chute 6.
FIG. 2A depicts a top view of the refractory chute 6, along
arrows 2A 1n FIG. 1. The refractory chute 6 directs or passes
the molten glass 3 from the melting chamber 1 (FIG 1) to
the first refining chamber 35 (FIG. 1), generally in the
direction of the arrows in FIG. 2A. The refractory chute 6
has an upper surface 24, a lower surface 26 (FIG. 2B), and
a pair of side edges (22A, B). The upper surface 24 contacts
the molten glass 3 as 1t proceeds downward along the flow
path. The lower surface 26 opposes the upper surface 24 and
1s obscured 1n this view. The side edges (22A, B) oppose
cach other along the central axis.

FIG. 2B 1s a sectional view taken along arrows 2B i FIG.
1, and turther depicts that the opposing upper and lower
surfaces (24, 26) are excurvate, allowing the molten glass 3
to more soitly contact the refractory chute 6, and move
towards the side edges (22A, B). This curved geometry
allows a uniform distribution of the molten glass 3 on the
upper surface 24 as the contact surface area between the
molten glass 3 and the upper surface 24 increases with
increasing molten glass 3. Although contacting the refrac-
tory chute 6 can cause gas bubble generation, this geometry
reduces and/or substantially prevents bubbles from being
trapped 1n the molten glass 3 as 1t contacts or strikes the
upper surface 24. Additionally, the curved, declined refrac-
tory chute 6 assists 1n removing bubbles that already exists
in the molten glass 3 as the molten glass spreads out into a
thinner layer and slides over the upper surface 24.

In this aspect, a pair of walls (e.g. wall 19) or side wings
extend upwardly from the upper surface 24, such that each
wall 19 extends from one respective side edge (e.g. 22B) and
in a direction away from the excurvate upper surface 24. In
this arrangement, the walls (e.g. 19) reduce or prevent the
molten glass 3 from dripping or spilling down and/or over
the refractory chute 6 and directly into the downstream
chamber as the molten glass 3 passes along the refractory
chute 6 and the flow path. While such drnpping would
normally produce bubbles, this geometry acts to minimize
this bubble generation. One of ordinary skill 1n the art wall
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understand that the details of the refractory chute 6 may be
similar to any refractory pipes (e.g. refractory pipes 9, 13,
and 17) between the chambers and/or conditioning zone (5,
10, 14, and 54) to facilitate smooth transitions and reduced
gas bubble evolution at each downwardly cascading stage or
step.

FIG. 3 depicts a cross-sectional view of the first refiming
chamber 3. The details discussed 1n this cross-sectional view
can apply to any of the chambers and/or conditioning zone
(1, 5, 10, 14, and 54). The first refining chamber 5 1s made
from a refractory material, having the ability to withstand
high temperatures needed for glass refining. Exemplary
materials are alumina-zirconia-silicate (AZS) blends. The
first refining chamber 3 may have a sufliciently thick layer
of such refractory material to prevent heat transfer to the
surrounding environment and withstand the extreme tem-
peratures. In one aspect, the temperature of the first, second,
and third refining chambers (5, 10, 14) may be maintained
between 1100° C. and 1350° C., including all ranges,
subranges, and values therebetween. Specifically, the tem-
perature could be between 1350° C. and 14350° C. By using
progressively lower negative pressure in the second, third
and any subsequent refining chambers, the second, third and
subsequent refimng chambers may operate at progressively
lower temperatures, thus saving energy. The melting cham-
ber may have a higher temperature to 1mtially melt the raw
materials into molten glass. Similarly, 1f the conditioning
zone cools the molten glass, the temperature 1s reduced 1n
the conditioning zone.

This constant temperature 1n the refining chambers can be
maintained by one or more electrically-powered heating
clements. More specifically, electrically-powered heating
clements (e.g. 20) are positioned on top or above the molten
pool 1n the first refining chamber 5 to maintain the tempera-
ture above the pool. Additionally, electrically-powered heat-
ing elements (e.g. 21) are submerged or inserted into the
molten glass pool to maintain the temperature of the glass
from within and/or below the glass pool 1tself. The above
temperature and the glass temperature 1n one chamber may
be the same or different, as maintained by the various
heating elements. A refractory refining channel 22 partially
surrounds or coats the bottom of the first refining chamber
5 to assist 1n maintaining molten glass flow and molten glass
temperature.

There thus has been disclosed an apparatus and methods
of refining glass 1n a multi-stage, downwardly cascading
manner, that fully satisfies one or more of the objects and
aims previously set forth. The disclosure has been presented
in conjunction with several illustrative embodiments, and
additional modifications and variations have been discussed.
Other modifications and variations readily will suggest
themselves to persons of ordinary skill in the art 1n view of
the foregoing discussion. For example, the subject matter of
cach of the embodiments 1s hereby incorporated by refer-
ence mto each of the other embodiments, for expedience.
The disclosure 1s intended to embrace all such modifications
and variations as fall within the spirit and broad scope of the
appended claims.

The invention claimed 1s:

1. An apparatus for refining glass in a multi-stage, down-
wardly cascading manner in which molten glass proceeds
down a flow path driven by gravity, the apparatus compris-
ng:

a melting chamber housing molten glass and having an

outlet;

a first refining chamber downstream from the melting

chamber and having a first outlet and a first inlet below
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the outlet of the melting chamber, the first outlet of the
first refining chamber being spaced from the first inlet
of the first refining chamber along the flow path, the
first refining chamber having a first negative pressure of
1 to 760 Torr and including a declined refractory chute
below the first inlet that extends into the first refiming
chamber along a central axis, the declined refractory
chute having an excurvate upper surface, a lower
surface, a pair of side edges between the upper and
lower surfaces opposing each other along the central
ax1is, and a pair of walls such that each wall extends
upwardly from one respective side edge 1 a direction
away 1rom the excurvate upper surface; and

a second refining chamber downstream from the first
refining chamber and horizontally ofiset from the first
refining chamber, the second refining chamber having
a second outlet and a second inlet below the first outlet
of the first refining chamber, the second outlet of the
second refining chamber being spaced from the second
inlet of the second refimng chamber along the flow
path, the second refining chamber having a second
negative pressure of 1 to 700 Torr.

2. The apparatus of claim 1 further comprising a third
refining chamber downstream from the second refiming
chamber and horizontally ofiset from the second refining
chamber, the third refining chamber having a third outlet and
a third inlet below the second outlet of the second refining
chamber, the third outlet of the third refining chamber being
spaced from the third inlet of the third refining chamber
along the flow path, and the third refining chamber having
a third negative pressure of 1 to 600 Torr.

3. The apparatus of claim 2 further comprising a condi-
tioning zone downstream from the third refining chamber
and having a zone inlet below the third outlet of the third
refining chamber.

4. The apparatus of claim 1 wherein the melting chamber
has a longitudinal axis such that the central axis of the
declined refractory chute forms an angle with the longitu-
dinal axis of about O to about 10 degrees.

5. The apparatus of claim 1 further comprising a plurality
of plungers such that each of the outlet, the first outlet, and
the second outlet are connected to one respective plunger
that controls a respective flow rate of the molten glass.

6. An apparatus for refining glass 1n a multi-stage, down-
wardly cascading manner in which molten glass proceeds
down a flow path driven by gravity, the apparatus compris-
ng:

a melting chamber housing molten glass and having an

outlet;

a first refimng chamber downstream from the melting
chamber and having a first outlet and a first inlet below
the outlet of the melting chamber, the first refiming
chamber having a first negative pressure of 1 to 760
Torr and including a declined refractory chute below
the first inlet, the declined refractory chute extending
into the first refining chamber and along a central axis
and having an excurvate upper surface, a lower surface,
a pair ol side edges between the upper and lower
surfaces and opposing each other along the central axis,
and a pair of walls such that each wall extends
upwardly from one respective side edge and 1 a
direction away from the excurvate upper surface; and

a second refining chamber downstream from the first
refining chamber and having a second outlet and a
second 1nlet below the first outlet of the first refining,
chamber, the second outlet of the second refining
chamber being spaced from the second inlet of the
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second refining chamber along the flow path, and the
second refining chamber having a second negative
pressure of 1 to 700 Torr.

7. The apparatus of claim 6 further comprising a third
refining chamber downstream from the second refiming
chamber and having a third outlet and a third 1nlet below the
second outlet of the second refining chamber, the third
reflining chamber having a third negative pressure of 1 to 600
lorr.

8. The apparatus of claim 7 further comprising a condi-
tioming zone downstream from the third refining chamber
and having a zone inlet below the third outlet of the third
refining chamber.

9. An apparatus for refining glass 1n a multi-stage, down-
wardly cascading manner in which molten glass proceeds
down a flow path driven by gravity, the apparatus compris-
ng:

a melting chamber having an outlet, wherein burners
inject an air-fuel mixture or an oxygen-fuel mixture
directly mnto a pool of raw materials contained within
the melting chamber to produce molten glass;

a first refining chamber downstream from the melting
chamber and having a first outlet and a first inlet, the
first inlet of the first refining chamber being below the
outlet of the melting chamber and the first outlet of the
first refining chamber being spaced from the first inlet
of the first refining chamber along the tlow path, the
first refining chamber 1ncluding a declined refractory
chute below the first inlet of the first refining chamber,
the declined refractory chute extending into the first
refining chamber along a central axis and having an
excurvate upper surface, a lower surface, a pair of side
edges between the upper and lower surfaces and oppos-
ing each other along the central axis, and a pair of walls
such that each wall extends upwardly from one respec-
tive side edge 1n a direction away from the excurvate
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upper surface, the first refining chamber having a first
negative pressure of 1 to 760 Torr; and

a second refining chamber downstream from the first

refining chamber, the second refining chamber being
horizontally offset and vertically spaced from the first
refining chamber, the second refining chamber having
a second outlet and a second inlet, the second inlet of
the second refining chamber being below the first outlet
of the first refining chamber and the second outlet of the
second refining chamber being spaced from the second
inlet of the second refimng chamber along the flow
path, the second refining chamber having a second
negative pressure of 1 to 700 Torr.

10. The apparatus of claim 9 further comprising a third
refining chamber downstream from the second refining
chamber, the third refining chamber being horizontally oilset
and vertically spaced from the second refining chamber, the
third refining chamber having a third outlet and a third inlet,
the third inlet of the third refimng chamber being below the
second outlet of the second refining chamber and the third
outlet of the third refimng chamber being spaced from the

third inlet of the third refining chamber along the flow path,
the third refining chamber having a third negative pressure
of 1 to 600 Torr.

11. The apparatus of claim 10 further comprising a
conditioning zone downstream from the third refining cham-
ber and having a zone inlet below the third outlet of the third
refining chamber.

12. The apparatus of claim 10 wherein the third negative
pressure 1s lower than the second negative pressure, and
wherein the second negative pressure 1s lower than the first
negative pressure.

13. The apparatus of claim 9 wherein the second negative
pressure 1s lower than the first negative pressure.
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